An antigen-capture enzyme-linked immunosorbent assay (ELISA) was developed for detecting North American isolates of Borrelia burgdorferi in larval, nymphal, and adult ticks. The assay uses an anti-OspA monoclonal antibody (H5332) for antigen capture and biotin-labelled polyclonal sera with streptavidinhorseradish peroxidase for signal generation. Present methods of determining Borrelia burgdorferi infection rates in ticks include dissecting individual ticks for dark-field examination with subsequent examination by immunofluorescent-antibody assays (FA) (10, 25, 26) . Spirochetes may also be cultured from ticks in BSKII media (3) or analyzed by polymerase chain reaction (18, 22, 27) . The labor intensiveness of individual tick dissections and subsequent culturing of tick extracts limits the number of ticks which can be processed by dark-field examination, FA, and culture. The problems of false negatives in dark-field examination (24) and false positives in both FA (23) and polymerase chain reaction tests (32) complicate large-scale applications of these methods for determining B. burgdorfeie infection rates in ticks.
Present methods of determining Borrelia burgdorferi infection rates in ticks include dissecting individual ticks for dark-field examination with subsequent examination by immunofluorescent-antibody assays (FA) (10, 25, 26) . Spirochetes may also be cultured from ticks in BSKII media (3) or analyzed by polymerase chain reaction (18, 22, 27) . The labor intensiveness of individual tick dissections and subsequent culturing of tick extracts limits the number of ticks which can be processed by dark-field examination, FA, and culture. The problems of false negatives in dark-field examination (24) and false positives in both FA (23) and polymerase chain reaction tests (32) complicate large-scale applications of these methods for determining B. burgdorfeie infection rates in ticks.
Sensitive, specific, and inexpensive antigen-capture enzyme-linked immunosorbent assays (ELISAs) have been developed for other arthropod-borne pathogens, including viruses (33) and protozoa (11, 36) . Human pathogen detection in arthropods by ELISA offers a number of advantages over other methods, including low cost, long shelf life of reagents, ease of standardization, the ability to quantitate results, the ability of arthropods to be stored under a variety of conditions, and the capacity to test pools of arthropods. While generally not as sensitive as nucleic-acid-based assays, ELISAs can detect as few as 10 malaria sporozoites (11, 36) or 62 pg of virus antigen (33) . In this study, a sandwich antigen-capture ELISA for determining infections of North American B. burgdorferi strains in larval, nymphal, and adult ticks is described. and diluents tested in phosphate-buffered saline (PBS) included bovine serum albumin (BSA; 1, 1.5, 2.5, and 5%), casein (0.5 and 1%), 0.5% boiled casein, 0.5% boiled casein with 0.05% Tween 20, powdered skim milk (2.5 and 5%) with or without 0.05% Tween 20, and mouse sera (10, 5, 2.5, 1.25, and 0.6%). Monoclonal antibodies tested in the antigencapture ELISA included antibodies against the 31-kDa OspA (184.1 [17] and H5332 [7] ), the 34-kDa OspB (H6831) (6) , the 41-kDa flagellin (H9724) (4) , and a 66-kDa molecule (149.1) (20) . Borrelia antigens were extracted with Nonidet P-40 (NP-40), sodium dodecyl sulfate, Triton X-100, and Tween 20 at initial concentrations of 2, 0.5, 0.25, and 0.12%.
MATERIALS AND METHODS
Rabbit polyclonal antisera and mouse hyperimmune ascites against B. burgdorferi were raised by repeated needle inoculation of BSKII medium-cultured Guilford strain and B31 spirochetes, respectively. Polyclonal antibodies were protein A purified prior to biotin labelling as described in the manufacturer's recommendations (Amersham). Biotin-labelled antibodies were tested with both streptavidin-horseradish peroxidase conjugates and streptavidin-alkaline phosphatase conjugates. 2,2'-azino-di-[3ethylbenzthiazoline sulfonate (6) ] (ABTS) and tetramethylbenzioline (TMB) (Kirkegaard & Perry Laboratories) were used as substrates for horseradish peroxidase, and Sigma 104-105 was used as a substrate for alkaline phosphatase.
The optimized protocol for the antigen-capture ELISA is as follows. Wells of polyvinyl chloride plates (Costar no. 2797) were coated with 50 ,ul of protein A-purified monoclonal antibody H5332 at a concentration of 10 ,ug/ml in PBS, pH 7.4. After an overnight incubation at 4°C, wells were washed three times with PBS-0.05% Tween 20 (PBST) and then blocked with 200 ,ul of 2.5% skim milk in PBST per well for 1 h at room temperature (RT).
Strains of Borrelia spp. tested in the assay were grown in BSKII medium and washed three times with PBS prior to the determination of spirochete numbers. Spirochetes were enumerated by using standard procedures of the Division of Vector-Borne Infectious Diseases, Centers for Disease Con- Homogenates of uninfected ticks were tested by the VOL. 31, 1993 on Positive cutoff values for ticks were determined by taking the mean plus 3 standard deviations of known negative ticks of the same stage as the unknown. Spirochete numbers in ticks were estimated from a regression line by using a square root transformation of a standard curve of known spirochete numbers and the absorbance values for those spirochete numbers. The spirochete numbers in positive ticks (defined as described above from the cutoff value) were calculated by comparing the difference in absorbances for a positive tick and the average of the negative control ticks to the standard curve (after subtracting the absorbance value of the "0" spirochete well from the other values in the curve).
RESULTS
Antigen capture using monoclonal antibodies (H5332 and 184.1) directed against the 31-kDa OspA antigen resulted in a more-sensitive ELISA than ELISAs using monoclonal antibodies directed against the 34-kDa OspB (H6831), the 41-kDa flagellin (H9724), or the 66-kDa p60 molecule (149.1) (Fig. 1) . Of the two monoclonal antibodies directed against the OspA molecule, monoclonal antibody H5332 gave higher absorbances at lower spirochete densities than monoclonal antibody 184.1 and was therefore used in all subsequent assays.
Among the four ELISA plates tested, the polyvinyl chloride plates produced a slightly more sensitive assay than the polystyrene plate. The Costar no. 2797 polyvinyl chloride plate was selected for subsequent assays on the basis of a marginally greater absorbance when assaying spirochete numbers below 1,000. Among the blocking solutions evaluated, 2.5% milk with 0.05% Tween 20, 0.5% casein, and 1% BSA (all diluted in PBS) gave comparable results. Milk (2.5%) with 0.05% Tween was selected as the blocking reagent on the basis of low cost and ease of buffer preparation. However, 1% BSA in PBS was a superior diluent for spirochete extracts, biotin-labelled antibodies, and streptavidin-horseradish peroxidase. Sodium dodecyl sulfate and NP-40 were equally effective in extracting B. burgdorfeni antigens at the concentrations tested. NP-40 was used in the following experiments.
The antigen-capture ELISA recognized all North American strains of B. burgdorferi tested (Table 1 and Fig. 2 ). Strain WI-206 gave a diminished signal compared with the other low-passage North American strains. The absorbance for 104 WI-206 spirochetes was 1.098 compared with absorbances ranging from 2.315 to 3.043 for 104 spirochetes of the other low-passage North American strains. Negative controls averaged 0.136, with a standard deviation of 0.043. However, the ELISA was still sensitive enough to detect L dammini infected with the WI-206 isolate (infected nymphs, x + SD = 0.462 + 0.013, n = 2; uninfected nymphs, x ± SD = 0.093 ± 0.043, n = 6).
The reproducibility of the assay is shown in Fig. 3 in which standard curves on 6 consecutive days were assayed by using twofold serial dilutions of from 10,000 to 156 spirochetes of the JD1 strain. The sensitivity of the ELISA using the JD1 strain was less than 156 spirochetes. Absorbance values obtained for wells with 156 spirochetes (mean, 0.214; SD, 0.060) were significantly above absorbances obtained for wells without spirochetes (mean, 0.092; SD, 0.042) after Standard curves consisting of twofold serial dilutions of the JD1 strain of spirochetes (numbering from 10,000 to 156) were assayed on six separate days with a negative control well. a 30-min substrate incubation (t = 4.98, df = 5, P < 0.005) (Fig. 3) . Average absorbances and standard deviations for 10,000, 5,000, 2,500, 1,250, 625, and 312 JD1 spirochetes The OspA antigen-capture ELISA failed to detect spirochetes of one high-passage Borrelia isolate of an unclassified species (34) at concentrations up to 2 x 105/ml (Fig. 4) . This exception was California strain DN127 (clone 9-2), which was in its 52nd culture passage and which was reported to be OspA negative by Coomassie blue staining (8) . However, when 107 spirochetes per lane were resolved, a weak band at the OspA position was seen with the Pro-Blue staining system (data not shown). Probing of Western blots (immunoblots) with H5332 confirmed low-level expression of OspA as reported previously (8) (Fig. 5) .
The assay also did not detect B. hennsii, B. parkeri, B. coriaceae, or B. tuicatae. Although H5332 recognized Swedish strain ACA1, the OspA antigen-capture ELISA did not detect this isolate nor did it recognize Borrelia isolates from Russia (IP90) or one of two Chinese isolates (CH2223) (Fig. 4) .
The ELISA was able to distinguish B. burgdorferi-infected from uninfected L dammini (larvae, nymphs, or adults) when a third of a larval or nymphal homogenate (50 ,u of the total homogenate volume of 150 ,ul) or a sixth of an adult homogenate (50 RI of the total homogenate volume of 300 RI) was used, thereby leaving adequate material for confirmational testing (Fig. 6 and 7 ). Flat and replete B. burgdorfeniinfected L dammini nymphs harbored up to 7,500 and 10,000 B. burgdorferi spirochetes, respectively. In addition to detecting B. burgdorferi in live ticks, the assay detected B. burgdorfeni in ticks that had been stored for 11 days either frozen, dried at RT, or in 70% ethanol. The assay did not recognize tick antigens of L dammini, I. scapularis, I. pacificus, I. cookei, I. angustus, or A. amencanum.
Using 1% BSA-PBS as the diluent for the biotin-labelled rabbit polyclonal anti-B. burgdorfien serum, the ELISA could distinguish infected engorged ticks from uninfected engorged ticks, although the background absorbances for engorged ticks was higher than those of flat ticks ( Fig. 6 and  7) . However, the addition of mouse sera to a final concen- (Fig. 8 ). An examination of the effect of the addition of 1% mouse serum to the BSA-PBS diluent for the biotin-labelled rabbit anti-B. burgdorferi sera when assaying fully engorged L dammini nymphs revealed a drop in the absorbance values of known negative ticks but no significant change in the standard curves (Fig. 9) . Assaying uninfected adult ticks fully engorged with blood, however, resulted in absorbances significantly above background levels for flat adult ticks. burgdorferi serum when assaying engorged uninfected ticks (filled triangles and squares) and B. burgdorferi-infected (JD1 strain) ticks (open triangles and squares). Ticks were homogenized (as described in the text), and aliquots were tested. Aliquots were tested with 1 or 0% normal mouse sera in BSA-PBS as the diluent for the biotinlabelled polyclonal rabbit anti-B. burgdorferi antibodies. Standard curves of strain JD1 spirochetes were tested under the same conditions as the tick samples (open circles, 1% normal mouse serum added to diluent for biotin-labelled antibodies; filled circles, mouse serum not added to diluent).
DISCUSSION
well (16) . The sensitivities of available serological tests for Lyme disease range from 13 to 73%, with false-positive results in as many as 27% of patients (13) . The lack of specificity may be due to antibody cross-reactivity among bacteria (12, 21) . The identification of B. burgdorfen in ticks is a necessary prerequisite to confirm transmission of Lyme disease in new areas.
As Lyme disease has spread into new geographic areas, novel vectors and reservoirs have been reported, particularly in California (9, 19 Another North American strain, 25015, characterized prior to the published description of B. garinii and group VS461, is nonpathogenic in mice (1) and, like many B. garinii isolates, has a 33-kDa OspA and is not recognized by H5332 (14) . While this strain would not be recognized by the OspA antigen-capture ELISA, the identification of this strain is, at this time, uncertain. Recently, Brown and Lane (9) reported that 9% of California isolates lack a 31-kDa OspA.
In addition to the Borrelia isolates of ribotypes 4 (ACA1), 5 The assay is presently being further characterized with both field-collected and laboratory-infected ticks. Once fully evaluated, the sensitivity, specificity, and low cost of the ELISA together with its compatibility with a variety of tick storage conditions should facilitate the processing of large numbers of ticks for B. burgdorferi detection from fieldcollected ticks in addition to its present use in laboratory studies.
